Myeloid-derived suppressor cells (MDSC) contribute significantly to the malignant characters conferred by hypoxic tumor microenvironments. However, selective biomarkers of MDSC function in this critical setting have not been defined. Here, we report that miR-210 expression is elevated by hypoxia-inducible factor-1a (HIF1a) in MDSC localized to tumors, compared with splenic MDSC from tumor-bearing mice. In tumor MDSC, we determined that HIF1a was bound directly to a transcriptionally active hypoxia-response element in the miR-210 proximal promoter. miR-210 overexpression was sufficient to enhance MDSC-mediated T-cell suppression under normoxic conditions, while targeting hypoxia-induced miR-210 was sufficient to decrease MDSC function against T cells. Mechanistic investigations revealed that miR-210 modulated MDSC function by increasing arginase activity and nitric oxide production, without affecting reactive oxygen species, IL6, or IL10 production or expression of PD-L1. In splenic MDSC, miR-210 regulated Arg1, Cxcl12, and IL16 at the levels of both mRNA and protein, the reversal of which under normoxic conditions decreased T-cellsuppressive effects and IFNg production. Interestingly, miR-210 overexpression or targeting IL16 or CXCL12 enhanced the immunosuppressive activity of MDSC in vivo, resulting in increased tumor growth. Taken together, these results provide a preclinical rationale to explore miR-210 inhibitory oligonucleotides as adjuvants to boost immunotherapeutic responses in cancer patients.
Introduction
As a common feature of solid tumors, and one of the hallmarks of the tumor microenvironment, hypoxia is currently attracting increased attention in the field of cancer immunology and immunotherapy. The hypoxia-inducible factor (HIF) family of transcription factors are major oxygen sensors and mediate cellular adaptation to hypoxic microenvironment (1, 2) .
Several studies have outlined the diverse effects of hypoxia on innate and adaptive immune systems. In general, hypoxia amplifies the activity of innate immune cells while suppressing the response of the adaptive immune system (1, 3) . In this regard, it has been reported that hypoxic zones in tumors attract a variety of immune cells, such as myeloid-derived suppressor cells (MDSC), tumor-associated macrophages (TAM), and regulatory T cells (Treg; ref. 1). Tissue-specific targeting of HIF1a in macrophages abrogated their transcriptional response to hypoxia (4) . TAM expression of HIF1a was shown to suppress T-cell function and promote tumor progression in a murine model of breast cancer (5) . Similarly, hypoxia promoted the recruitment of the immunosuppressive Tregs through the induction of CCL28 expression by hypoxic tumor cells (6) . In addition, hypoxia was shown to induce T-cell differentiation into Tregs by promoting HIF1a-dependent induction of FoxP3 (7). Corzo and colleagues (8) have reported that hypoxia via HIF1a altered the function of MDSC in the tumor microenvironment and redirected their differentiation toward TAM.
MDSCs are major players in the orchestration of an immunosuppressive network in many pathologic conditions, such as chronic inflammation and cancer (9) . They accumulate in large numbers and undergo dramatic expansion in lymphoid tissues of tumor-bearing hosts. Several studies have extensively described the mechanisms of MDSC-mediated immune suppression (10) . However, the relationship between hypoxia-induced microRNA (miRNA; miR) and MDSC function remains unknown.
Accumulating evidence indicates that miRNAs play an important role in regulating immune cell development and in modulating innate and adaptive immune responses (11) . In this regard, several miRNAs were reported to regulate macrophage and MDSC differentiation and function. Although miR-155 was induced upon lipopolysaccharide (LPS) stimulation during the macrophage inflammatory responses and shown to target SHIP1 (12) , miR-142-3p was identified as essential for preventing macrophage differentiation during tumor-induced myelopoiesis (13) . With respect to MDSCs, both miR-17-5p and miR-20a have been reported to improve their immunosuppressive potential by modulating STAT3 expression (14) . Liu and colleagues (15) have shown that miR-494 was required for the accumulation and functionality of tumor-derived MDSCs. Recently, Wang and colleagues (16) provided data indicating that miR-155 deficiency enhanced MDSCs function and MDSC recruitment in tumor microenvironment.
Hypoxia was shown to regulate the differentiation and function of MDSCs (8) . Very recently, we demonstrated that hypoxia via HIF1a selectively upregulated PD-L1 on MDSCs (17) . Hypoxia is known to induce a unique subset of miRNAs: hypoxia-induced miRNAs (HIM) in several cell types (18) . Hypoxia's influence on HIM in MDSC, as well as their putative contribution on MDSC function, is still unknown. In this study, we demonstrated that hypoxia via HIF1a selectively induced miR-210 in splenic MDSCs, which, in turn, enhanced the MDSC function by increasing Arg-1 expression and by targeting Il16 and Cxcl12.
Materials and Methods

Mice and tumor models
Female C57BL/6 (Charles River) and BALB/c (Harlan) mice were housed at Gustave Roussy animal facility and the experiments were conducted in accordance with EU Directive 63/2010. All experiments with mice were approved by Animal Experimentation and Ethics Committee of the Institut Gustave Roussy (CEEA IRCIV/IGR n 26, registered at the French Ministry of Research). Seven-to 8-week old mice (n ¼ 5 per group) were inoculated subcutaneously (s.c.) with B16-F10 melanoma and 4T1 mammary carcinoma mouse tumor cells, both obtained from the ATCC. Different numbers of tumor cells were inoculated for different models. Tumors were used when they reached at around 1.5 cm in diameter. MDSC immortalized cell line MSC-1 was kindly provided by Prof. Vincenzo Bronte (Verona University, Verona, Italy).
Reagents and antibodies
RPMI-1640, DMEM, FBS, and antibiotics were obtained from Life Technologies. Recombinant murine GM-CSF, anti-ARG-1 FITC, anti-CXCL12 APC, and IL2 were obtained from R&D Systems. The following antibodies were purchased from BioLegend: anti-IL16 PE; from BD Biosciences, anti-iNOS FITC; and from eBioscience, anti-Gr1 FITC, anti-Gr1 PE, anti-Gr1 APC, anti- 
Hypoxic conditioning of MDSCs
MDSCs were cultured in RPMI medium containing 10 ng/mL GM-CSF under hypoxia (0.1% pO 2 with 5% CO 2 ) in a hypoxia chamber (InVivo2 400 Hypoxia Workstation; Ruskinn).
miR-210 overexpression and knockdown
For miR-210 overexpression, MDSCs were transfected with either Lenti-PremiR-control or Lenti-PremiR-210 (19) under normoxia by using Polybrene (Sigma). miR-210 targeting was performed under hypoxia, and MDSCs were transfected with either anti-miR-control or anti-miR-210 (Life technologies) by using Lipofectamine RNAiMAX Transfection Reagent (Life technologies) according to the manufacturer's instructions.
RNA isolation and SYBR Green qRT-PCR
Total RNA was extracted from the samples with TRIzol solution (Invitrogen). DNase I-treated 1 mg of total RNA was converted into cDNA by using TaqMan Reverse transcription reagent (Applied Biosystems) and mRNAs levels were quantified by the SYBR Green qPCR method (Applied Biosystems). Relative expression was calculated by using the comparative C T method (À2 DCT ).
miRNA (isolation and detection)
For extraction of miRNAs, TRIzol (Invitrogen) was used. DNase I-treated total RNA (8 ng) was subjected to quantitative RT-PCR (qRT-PCR) analysis using the TaqMan miR Reverse Transcription Kit (Applied Biosystems). Different miRNAs levels were quantified by using miRNA-specific TaqMan primers from Life Technologies. Expression levels of mature miRNAs were evaluated using the comparative C T method (À2DC T ). Transcript levels of U6 were used as an endogenous control.
Western blot analysis
Western blot analysis was performed as previously reported (17) .
Flow cytometry analysis
Flow cytometry was performed using FACS LSR-II. Data were further analyzed by FACS DIVA 7.0 or Flow Jo 7.6.5 software.
Gene silencing by RNA interference
Predesigned siRNA against HIF1a, HIF2a, Arg-1, Ndrg1, and scrambled control were obtained from Life Technologies and transfected by electroporation as described earlier (17) .
MDSC isolation from spleens and tumors of tumor-bearing mice
Single-cell suspensions were prepared from spleens by mechanical dissociation, followed by removal of red blood cells with ammonium chloride lysis buffer (ACK). Solid tumors were dissected and mechanically dissociated into small, <4-mm fragments with a scalpel, followed by digestion with a mouse tumor dissociation kit (Miltenyi Biotec) for 45 minutes at 37 C. After singlecell suspensions were obtained, red blood cells were removed by ACK and dead cells were depleted with a dead cell removal kit (Miltenyi Biotec). Gr1 þ cells were isolated by using either biotinylated or anti-Gr1-APC antibody, and corresponding streptavidin, or anti-APC microbeads on MACS LS columns, according to the manufacturer's protocol (Miltenyi Biotec and irrelevant probes were diluted 1:20 in target probe diluent, added to the cell suspension and allowed to hybridize to the target RNA for 2 hours at 40 C. Excess probe was removed by adding wash buffer followed by centrifugation at 800 Â g for 5 minutes. Signal amplification was achieved by performing sequential hybridization with DNA branches (i.e., Pre-Amplifier and Amplifier). The first DNA branch in the PreAmp Mix was added at a 1:1 ratio and was allowed to hybridize for 1.5 hours at 40 C. Samples were washed with wash buffer, and then the second DNA branch in the Amp Mix was added at a 1:1 ratio and hybridized for 1.5 hours at 40 C. Samples were washed with wash buffer before addition of the label probes. For signal detection, fluorochromeconjugated label probes (Alexa Fluor 647) were diluted 1:100 in label probe diluent, added to the samples and allowed to hybridize for 1 hour at 40 C. Finally, MDSCs were washed with wash buffer, transferred to the storage buffer and subsequently analyzed on a LSR Fortessa, using FACS DIVA software version 8 (BD Biosciences). Flow cytometric data were analyzed with FlowJo Version 10 (TreeStar). As negative controls, irrelevant probe was used.
MDSCs functional assays
For evaluation of T-cell proliferation, splenocytes from B16-F10 or 4T1 tumor-bearing mice were plated into U-bottom 96-well plates along with MDSCs at different ratios (50,000 MDSC: 200,000 splenocytes per well). Plates were stimulated with anti-CD3/CD28 beads (Miltenyi Biotec) for 72 hours at 37 C. Cocultures were pulsed with thymidine (1 mCi/well; Promega) for 16 to 18 hours before harvesting.
3 H-thymidine uptake was counted using Packard's TopCountNXT liquid scintillation counter and expressed as counts per minute (CPM). For assessment of T-cell functions, MDSCs, cocultured with splenocytes from B16-F10 or 4T1 tumor-bearing mice, were stimulated with anti-CD3/CD28 beads. After 72 hours, intracellular IFNg production was evaluated by flow cytometry by gating on CD3
MDSCs cytokine production MDSC isolated from spleens of B16-F10 and 4T1 tumorbearing mice were cultured under normoxia and hypoxia for 72 hours. Supernatants were collected and the secretion of IL6, IL10, IL16, and CXCL12 (eBioscience) was determined by ELISA.
Arginase enzymatic activity and nitric oxide production
Arginase activity was measured in MDSC cell lysates as described previously (8) . For nitric oxide (NO) production, culture supernatants were mixed with Greiss reagent and nitrite concentrations were determined as described earlier (8) .
Reactive oxygen species detection
Reactive oxygen species (ROS) production was measured by using oxidation-sensitive dye DCFDA (Invitrogen; ref. 8) . Briefly, MDSC isolated from spleens of B16-F10 and 4T1 tumor-bearing mice were cultured under normoxia and hypoxia for 72 hours followed by incubation at 37 C in RPMI in the presence of 2.5 mmol/L DCFDA for 30 minutes.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) was performed with lysates prepared from MSC-1 by using the SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology). SYBR Green RT-qPCR was performed using the primers detailed in Supplementary Table S2 .
Luciferase reporter assay for HRE in miR-210 promoter A 565-bp fragment corresponding to mouse miR-210 promoter containing HRE-1/2 sequence was inserted into the BglII and HindIII sites of pGL2-Basic vector (Promega). The hypoxia response elements (HRE; A/GCGTG) were mutated to A/GAAAG and different HRE-1/2 mutants were generated as described previously (20) . MSC-1 cells were cotransfected with 0.2 mg of pGL4-hRluc/SV40 (which contains Renilla luciferase sequences downstream of the SV40 promoter) vector and 1ug of pGL2 HRE-1/2, pGL2 HRE-1/2 MUT-1, pGL2 HRE-1/2 MUT-2, and pGL2 HRE-1/2 MUT-1þ2 vectors in 6-well plates with Lipofectamine 2000 (Invitrogen) in OPTIMEM (Invitrogen) medium and grown under normoxia or hypoxia. After 48 hours, firefly and Renilla luciferase activities were measured using the Dual-Luciferase Reporter assay (Promega) and the ratio of firefly:Renilla Luciferase was determined.
Luciferase reporter assay for miR-210 target gene validation mmu-miR-210-binding sites sequence from the 3 0 -untranslated region (UTR), 5 0 -UTR, or CDS of Arg1,Cxcl12, Il16, and Ndrg1 genes were cloned into pSI-check2 vector by PCR amplification of genomic DNA. Primer sequences are available upon request. MSC-1 cells were cotransfected with 800 ng pSI-check-2 and 10 nmol/L of Lenti-PremiR-CT, or Lenti-PremiR-210, in 24-well plates with Lipofectamine 2000 (Invitrogen) in OPTIMEM (Invitrogen) medium. After 48 hours, firefly and Renilla luciferase activities were measured using the Dual-Luciferase Reporter assay (Promega) and the ratio of firefly:Renilla Luciferase was determined.
Statistical analysis
Data were analyzed with GraphPad Prism. The Student t test was used for single comparisons.
Results
Differential expression of miR-210 on tumor-infiltrating MDSCs versus splenic MDSCs and selective induction of miR-210 via HIF1a in splenic MDSCs under hypoxia
We first compared miR-210 expression between splenic MDSCs and tumor-infiltrating MDSCs from tumor-bearing mice. For this purpose, we used a recently described (21) Although several miRNAs have been reported to regulate MDSCs function and differentiation (15, 22, 23) , it should be noted that we did not observe any difference under hypoxia in the expression levels of miR-21, miR-155, miR-494, and miR-223 in both B16-F10 spleen Gr1 þ ( Supplementary Fig. S1E ) and 4T1 spleen Gr1 þ ( Supplementary Fig. S1F ) cells.
We further investigated whether HIFs, HIF1a or HIF2a, are involved in the induction of miR-210 under hypoxia. For this purpose, we used an already established MDSC cell line, MSC-1 (24) , as it is difficult to maintain ex vivo MDSC in culture because of their rapid and spontaneous death. We first validated that hypoxia induced miR-210 (more than 60-fold change; Fig. 1C and 1D) and also highly increased the expression levels of various hypoxic response genes such as Ldha, Car-9, Vegfa, and Glut-1 in MSC-1 cells (Supplementary Fig. S1C and S1D). To dissect the roles of HIF1a and HIF2a in miR-210 induction, the MSC-1 cell line was transfected with siRNA targeting HIF1a, HIF2a, or scrambled control (Fig. 1E ). The siRNA-mediated knockdown of HIF1a, but not HIF2a, under hypoxia significantly decreased hypoxia-induced miR-210 in MSC-1 cells as well in B16-F10 spleen Gr1 þ and 4T1 spleen Gr1 þ cells (Fig. 1E ).
To investigate whether miR-210 is a direct HIF1a target gene, we searched for potential HIF1a-binding sites in the proximal promoter of mouse mature miR-210 gene using fuzznuc (EMBOSS explorer) software. As shown in Fig. 1G , we found four putative HREs containing the consensus sequence (A/G) CGTG within the mouse mature miR-210 gene.
Using ChIP, we demonstrated hypoxia-inducible binding of HIF1a at four different HRE sites in hypoxic MSC-1 cells (Fig. 1F ). ChIP complexes in hypoxic MSC-1 cells showed a significant binding of HIF1a at HRE-1/2 and HRE-3/4 (more than 20-fold for HRE-1/2), comparable with their binding to an established HRE in VEGF, LDHA, and GLUT-1 genes. Moreover, as shown in Fig. 1H , the luciferase activity of HRE-1/2 decreased (more than , and MSC-1 cells with or without exposure to 0.1% pO2 hypoxia at indicated times. Expression levels of U6 were used as endogenous control. D, flow cytometry was used to detect miR-210 expression in MSC-1 cells at indicated conditions. Shown are statistically significant differences (indicated by asterisks) between cells (MSC-1 or spleen Gr1 þ ) cultured under normoxia or hypoxia ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). Three separate experiments (in triplicates) with the same results were performed. Error bars, SD. E, MSC-1 cells were transfected with different siRNA targeting HIF1a, HIF2a, or scrambled control (CT) and cultured under hypoxia for 48 hours. Expression levels of Ldha, Vegfa, HIF1a, and HIF2a were evaluated by SYBR Green RT-qPCR. Western blot analysis was performed to show HIF1a and HIF2a protein levels. b-Actin was used as a control. TaqMan RT-qPCR was used to evaluate miR-210-3p expression levels in MSC-1, B16-F10 spleen Gr1 þ , and 4T1 spleen Gr1 þ cells at indicated conditions. Expression levels of U6 were used as endogenous control. Shown are statistically significant differences (indicated by asterisks) between cells (MSC-1 or spleen Gr1 þ ) transfected with either siRNA-CT and siRNA-HIF1a ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). The experiment was repeated three times with the same results. Error bars, SD. F-I, HIF1a binds directly to the HRE in the miR-210 proximal promoter and induces its expression under hypoxia. F, MSC-1 cells were cultured at normoxia or hypoxia (0.1% pO2) and ChIP was performed using anti-HIF1a antibody followed by SYBR Green RT-qPCR using Vegfa, Ldha, Glut1, miR-210 HRE sites (HRE-1/2 and HRE-3/4), and RPL13A primers. For each gene, the RT-qPCR signals were normalized to the normoxic condition. Statistically significant differences (indicated by asterisks) between normoxic and hypoxic conditions are shown ( Ã , P < 0.05; ÃÃ , P < 0.005). Two separate experiments (in triplicates) with the same results were performed. Error bars, SD. G, different HREs in mouse miR-210 promoter are shown. H, MSC-1 cells transduced with Lenti-CT (control) or Lenti-HIF1a were further cotransfected with pGL4-hRluc/SV40 vector and pGL2 HRE-1/2 vectors and grown under normoxia or hypoxia. After 48 hours, firefly and Renilla luciferase activities were measured using the Dual-Luciferase Reporter Assay (Promega) and the ratio of firefly: Renilla luciferase was determined. I, MSC-1 cells were cotransfected with pGL4-hRluc/SV40 vector and pGL2 HRE-1/2, pGL2 HRE-1/2 MUT-1, pGL2 HRE-1/2 MUT-2, and pGL2 HRE-1/2 MUT-1þ2 vectors and grown under normoxia or hypoxia. After 48 hours, firefly and Renilla luciferase activities were measured using the Dual-Luciferase Reporter Assay (Promega) and the ratio of firefly:Renilla luciferase was determined. Statistically significant differences (indicated by asterisks) between normoxic and hypoxic conditions are shown ( ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). The experiment was performed in triplicates and repeated three times with the same results. Error bars, SD. miR-210 in MDSC regulated their arginase activity and NO production but had no effect on ROS production. MDSC isolated from spleens of B16-F10 and 4T1 tumor-bearing mice, transfected with Lenti-PremiR-control (CT) or Lenti-PremiR-210 (under normoxia) and anti-miR-control (CT) or anti-miR-210 (under hypoxia), was cultured with or without exposure to 0.1% pO2 hypoxia at indicated times. A and B, arginase enzymatic activity was measured in B16-F10 spleen Gr1 þ MDSC (A) and 4T1 spleen Gr1 þ MDSC (B) cells under indicated conditions. C and D, after 72 hours of B16-F10 spleen Gr1 þ MDSC (C) and 4T1
spleen Gr1 þ MDSC (D) cells coculture with splenocytes, supernatants were collected and assayed for nitrites (NO production) under indicated conditions. Statistically significant differences (indicated by asterisks) are shown ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). The experiment was performed in triplicates and repeated three times with the same results. Error bars, SD. E and F, ROS level was evaluated in B16-F10 spleen Gr1 þ MDSC (E) and 4T1 spleen Gr1 þ MDSC (F) cells by staining with DCFDA at indicated conditions. Isotype control is gray-dotted line in histogram. The experiment was repeated three times with the same results. MFI, mean fluorescence intensity. Error bars, SD.
60%) when MSC-1 cells were transduced with Lenti-HIF1a as compared with Lenti-CT. To determine whether this HIF1a site (HRE-1/2) was a transcriptionally active HRE, MSC-1 cells were cotransfected with pGL4-hRluc/SV40 vector and pGL2 HRE-1/2, pGL2 HRE-1/2 MUT-1, pGL2 HRE-1/2 MUT-2, and pGL2 HRE-1/2 MUT-1þ2 vectors (Fig. 1G) and grown under normoxia or hypoxia. After 48 hours, firefly and Renilla luciferase activities were measured. As shown in Fig. 1I , hypoxia significantly increased the luciferase activity of HRE-1/2 reporter by more than 15 folds as compared with normoxia. More interestingly, the luciferase activities of HRE-1/2-MUT-2 and HRE-1/2-MUT-1þ2 significantly decreased (more than 80%) as compared with HRE-1/2 under hypoxia. The results presented in Figs. 1E-I demonstrate that miR-210 is a direct HIF1a target gene in MSC-1 cells.
These data clearly indicate that tumor-infiltrating MDSCs express increased levels of miR-210 and hypoxia markers (CA-IX and GLUT-1) as compared with splenic MDSCs. We provide evidence here that hypoxia selectively induced miR-210 via HIF1a in splenic MDSCs from tumor-bearing mice. and 4T1 spleen Gr1 þ (60-fold as compared with 100-fold under hypoxia) cells ( Fig. 2A and 2D ). A transfection with anti-miR-210 resulted in the abrogation of miR-210 expression under hypoxia in B16-F10 spleen Gr1 þ ( Fig. 2A ) and 4T1 spleen Gr1 þ (Fig. 2D ) cells.
As shown in Fig. 2B and E, hypoxia significantly increased the ability of splenic MDSCs (from B16-F10 and 4T1 tumor-bearing mice) to suppress nonspecific stimuli (anti-CD3/CD28 antibody)-mediated T-cell proliferation. Interestingly, overexpression of miR-210 under normoxia significantly increased the suppressive activity of both B16-F10 splenic MDSCs (Fig. 2B ) and 4T1 splenic MDSCs (Fig. 2E ) in response to nonspecific stimuli (anti-CD3/CD28 antibody). On the contrary, targeting miR-210 under hypoxia significantly abrogated the suppressive activity of both B16-F10 splenic MDSCs (Fig. 2B ) and 4T1 splenic MDSCs (Fig. 2E ) in response to the same stimuli.
As illustrated in Fig. 2C and F, under hypoxia, splenic MDSCs (from B16-F10 and 4T1 tumor-bearing mice) acquired the increased ability to inhibit T-cell function by decreasing the percentage of IFNg þ cells in CD8 þ and CD4 þ T-cell populations.
Overexpression of miR-210 under normoxia significantly increased the suppressive activity of both B16-F10 splenic MDSCs (Fig. 2C ) and 4T1 splenic MDSCs (Fig. 2F) (Fig. 2C ) and 4T1 splenic MDSCs (Fig. 2F) under hypoxic conditions. Thus, the overexpression of miR-210 enhanced MDSC-mediated T-cell suppression under normoxia while targeting of hypoxic miR-210 decreased MDSC function. These data strongly indicated that hypoxia-induced miR-210 is involved in mediating the suppressive action of MDSCs.
Hypoxia-induced miR-210 regulates MDSC function by selectively increasing arginase activity and NO production To determine the underlying mechanism involved in the regulation of MDSCs immunosuppressive activity by hypoxiainduced miR-210, we examined the effects of miR-210 (overexpression and targeting) on MDSC function with regard to their arginase activity, NO, and ROS production. As shown previously by our group (17) and Corzo and colleagues (8), we observed significantly higher levels of arginase activity in splenic MDSCs from B16-F10 (Fig. 3A) and 4T1 (Fig. 3B ) under hypoxia. Overexpression of miR-210 under normoxia significantly increased the arginase activity of both B16-F10 splenic MDSCs (Fig. 3A) and 4T1 splenic MDSCs (Fig. 3B) ; whereas, the arginase activity decreased after miR-210 knockdown in both B16-F10 splenic MDSCs (Fig. 3A) and 4T1 splenic MDSCs (Fig. 3B) under hypoxic conditions. Similarly, splenic MDSCs from B16-F10 (Fig. 3C) and 4T1 (Fig. 3D ) had higher levels of NO production under hypoxia. Overexpression of miR-210 under normoxia increased the MDSCs NO production, whereas targeting miR-210 abrogated NO production in both B16-F10 splenic MDSCs (Fig. 3C ) and 4T1 splenic MDSCs (Fig. 3D) under hypoxic conditions. Although splenic MDSCs from both B16-F10 (Fig. 3E) and 4T1 (Fig. 3F ) displayed significantly lower levels of ROS under hypoxia, we did not detect any effect of miR-210 overexpression (under normoxia) or knockdown (under hypoxia) in these MDSCs ( Fig. 3E and F) .
We next evaluated the effect of miR-210 on immune checkpoint regulators (PD-L1, PD-L2, PD1, and CTLA-4) as well as the production and secretion of several cytokines by MDSCs. There was no observed effect of miR-210 on either cytokines (Il6, Il10, Il12p70, and Tgfb1; Supplementary Fig. S2A ) or immune checkpoint (Pdl1, Pdl2, Pd1, and Ctla-4; Supplementary Fig. S2C ) mRNA levels in B16-F10 MDSCs. Similarly, no effect was seen of miR-210 overexpression (under normoxia) or knockdown Identification of candidate target genes from a panel of predicted mmu-miR-210 transcripts in splenic MDSCs from tumor-bearing mice. MDSC isolated from spleens of B16-F10 and 4T1 tumor-bearing mice, transfected with Lenti-PremiR-control (CT) or Lenti-PremiR-210 (under normoxia), and anti-miR-control (CT) or anti-miR-210 (under hypoxia) was cultured with or without exposure to 0.1% pO2 hypoxia at indicated times. A and B, SYBR Green RT-qPCR was used to monitor Arg1, Nos2, Acvr1b, Cxcl12, Il16, Ndrg1, Nptx1, Tcf7I2, and Ucp2 expressions levels at indicated conditions in B16-F10 spleen Gr1 þ and 4T1 spleen Gr1 þ cells.
Expression level of 18S was used as endogenous control. Statistically significant differences (indicated by asterisks) are shown ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). The experiment was performed in triplicates and repeated three times with the same results. Error bars, SD. C-F, intracellular IL16, CXCL12, ARG1, and iNOS were detected by intra-cytoplasmic staining FACS at indicated conditions in B16-F10 spleen Gr1 þ (C and E) and 4T1 spleen Gr1 þ (D and F) cells. IL6, IL10, IL16, and CXCL12 cytokine secretion by B16-F10 spleen Gr1 þ (G) cells was detected by ELISA at indicated conditions. Statistically significant differences (indicated by asterisks) are shown ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). The experiment was repeated three times with the same results. Error bars, SD.
(under hypoxia) on either cytokines (IL6, IL10, IL12p70, and TGF-B1; Supplementary Fig. S2B ) or immune checkpoint (PDL1, PDL2, PD1, and CTLA-4; Supplementary Fig. S2C ) protein levels in B16-F10 MDSCs. We concluded that hypoxia-induced miR-210 modulates MDSCs function by increasing arginase activity and NO production and had no effect on ROS or their cytokine (IL6 and IL10) production and did not alter their PD-L1 expression.
miR-210 increases Arg1 expression and targets IL16 and CXCL12 in splenic MDSC
In order to identify the miR-210 potential target genes responsible for increased MDSCs function under hypoxia, we performed a comprehensive transcriptome analysis.
Using miRNA target predictions tool RNA22 version 1.0 (https://cm.jefferson.edu/rna22v1.0-mus_musculus/GetInputs. jsp), we selected a panel of 50 genes (predicted as mmu-miR-210 targets) among a list of more than 2,000 transcripts predicted to be targeted by mmu-miR-210. As shown in Supplementary Table S1 , these genes were selected on the basis of their involvement in MDSCs proliferation, differentiation, and function. We further selected nine genes that meet the following criteria: Table S1 ). Strikingly, overexpression of miR-210 under normoxia significantly increased the mRNA expression levels of Arg1, but not of Nos2 (Fig. 4A) , and targeting miR-210 under hypoxia significantly decreased expression levels of Arg1, but not of Nos2 (Fig. 4B) , in both B16-F10 splenic MDSCs and 4T1 splenic MDSCs. Similarly, miR-210 overexpression under normoxia decreased the mRNA expression levels of Acvr1b, Cxcl12, Il16, Ndrg1, Nptx1, Tcf7I2, and Ucp2 (Fig. 4A ) and targeting miR-210 under hypoxia increased their expression levels (Fig. 4B ) in both B16-F10 splenic MDSCs and 4T1 splenic MDSCs.
We next selected four genes (Arg1, Cxcl12, Il16, and Ndrg1) based on their involvement in MDSCs function. We observed significantly higher protein levels of Arg1 and lower levels of IL16 and CXCL12 in both B16-F10 splenic MDSCs (Fig. 4C ) and 4T1 splenic MDSCs (Fig. 4D) under hypoxic conditions. As expected, we did not detect any effect of hypoxia on inducible nitric oxide synthase (iNOS) protein levels ( Fig. 4C and D) . Importantly, overexpression of miR-210 under normoxia significantly increased the protein levels of Arg1, but not of Nos2, while targeting miR-210 under hypoxia decreased expression levels of Arg1, but not of Nos2, in both B16-F10 splenic MDSCs (Fig. 4E ) and 4T1 splenic MDSCs (Fig. 4F) . A miR-210 overexpression under normoxia decreased the production of IL16 and CXCL12 and targeting miR-210 under hypoxia increased their production in both B16-F10 splenic MDSCs (Fig. 4E ) and 4T1 splenic MDSCs (Fig. 4F) . These results were further confirmed by ELISA (Fig. 4G) . Taken together, these data strongly point to the regulation of Arg1, Cxcl12, and Il16 at both mRNA and protein levels by miR-210 in splenic MDSCs.
Arg1, Il16, Cxcl12, and Ndrg1 are new validated miR-210 target genes
To further validate the identified miR-210 target genes (Il16, Cxcl12, Ndrg1, and Arg1), we searched for mmu-miR-210-binding sites, and their corresponding heteroduplexes, by using miRNA target predictions tool RNA22 version 1.0 (Fig. 5A) . We inserted mmu-miR-210-binding sites sequence from the 3 0 -UTR, 5 0 -UTR, or CDS of Il16, Cxcl12, Ndrg1, and Arg1 genes into pSIcheck2 vector (Fig. 5A ) and performed luciferase reporter assays. Our data indicated that Lenti-PremiR-210 significantly increased the luciferase activities of Arg1reporter, while it induced a significant decrease in the luciferase activities of Cxcl12, Il16, and Ndrg1 reporters, as compared with Lenti-PremiR-CT in MSC-1 cells (Fig. 5B) . In contrast, pSI-check2 (empty vector control) and PIM1 reporter luciferase activities were not repressed by LentiPremiR-210, confirming that Cxcl12, Il16, and Ndrg1 mmu-miR-210 target sites directly mediates repression of the luciferase activity through seed-specific binding. Regarding Arg1, miR-210 binds directly to seed-specific binding site and induces Arg1 gene expression (both mRNA and protein levels) under normoxia by an unknown mechanism. We concluded that Il16, Cxcl12, Ndrg1, and Arg1 are validated target genes of miR-210 in MSC-1 cells.
We next examined whether HIFs, HIF1a or HIF2a, are involved in the upregulation of ARG-1 under hypoxia. MSC-1 cells were cultured under normoxia or hypoxia. Figure 5C clearly shows that protein levels of HIF1a, HIF2a, and ARG-1 (more than 5-fold) was increased, whereas protein levels of NDRG1 were decreased under hypoxia. No effect was observed on protein levels of P-STAT3 (705) and total STAT3 under hypoxia in MSC-1 cells (Fig. 5D) . To analyze the respective role of HIF1a and HIF2a in the hypoxic upregulation of ARG-1, MSC-1 cell line was transfected with siRNA targeting HIF1a, HIF2a, or scrambled control. Western blot analysis clearly showed siRNA-mediated After 48 hours, cells were harvested and luciferase activities analyzed. All Renilla luciferase activities were normalized to the firefly luciferase activity. pSI-IL16, pSI-CXCL12, pSI-NDRG1, pSI-Arg1, and pSI-PIM1 correspond to distinct fragments of IL16, CXCL12, NDRG1, ARG1, and PIM1 3 0 -UTR, 5 0 -UTR, or CDS containing miR-210 putative binding sites, respectively. pSI-check2 was used as an empty vector control. Statistically significant differences (indicated by asterisks) are shown ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). The experiment was performed in triplicates and repeated two times with the same results. Error bars, SD. C and D, MSC-1 cells were cultured with or without exposure to 0.1% pO2 hypoxia at indicated times. Western blot analysis was performed to show HIF1a, HIF2a, ARG-1, NDRG1 (C), and P-STAT3 705, STAT3 (D) protein levels. E, MSC-1 cells were transfected with different siRNA, targeting HIF1a, HIF2a or scrambled control (CT), and cultured under hypoxia for 48 hours. Western blot analysis was performed to show HIF1a, HIF2a, ARG-1, and NDRG1 protein levels. Research.
on July 20, 2017. © 2015 American Association for Cancer cancerres.aacrjournals.org Downloaded from knockdown of HIF1a, but not HIF2a, under hypoxia decreased hypoxia upregulated ARG-1 in MSC-1 cells (Fig. 5E) .
To assess whether miR-210 can regulate hypoxia-induced transcription factors (HIF1a, HIF2a, P-STAT3 705), MSC-1 cells were transfected with Lenti-PremiR-control (CT) or Lenti-PremiR-210 (under normoxia), and anti-miR-control (CT) or anti-miR-210 (under hypoxia), and then cultured for 48 hours. The Western blot analysis in Fig. 5F clearly shows that no effect was observed of miR-210 overexpression under normoxia, or when targeting miR-210 under hypoxia on HIF1a, HIF2a, P-STAT3 705, and total STAT3 protein levels in MSC-1 cells. However, overexpression of miR-210 under normoxia increased ARG-1 and decreased NDRG1 protein levels while targeting miR-210 under hypoxia decreased ARG-1 and increased NDRG1 protein levels in MSC-1 cells (Fig. 5G) .
Targeting of Arg1 and blockade of IL16 and CXCL12 decreases MDSC function
We next asked whether miR-210 enhanced MDSCs function through its target genes (Arg1, Il16, Cxcl12, and Ndrg1). For this purpose, MDSCs, isolated from spleens of B16-F10 and 4T1 tumor-bearing mice, were transfected with siRNA targeting Ndrg1, Arg1, or scrambled control (CT) and cultured under normoxia and hypoxia for 48 hours. We found that a siRNA-mediated knockdown of Arg1, but not of Ndrg1 (both under normoxia and hypoxia), significantly decreased arginase activity in B16-F10 splenic MDSCs and 4T1 splenic MDSCs (Fig. 6A) . Neutralizing antibodies against IL16 and CXCL12 under normoxia significantly abrogated the suppressive activity of both B16-F10 splenic MDSCs and 4T1 splenic MDSCs in response to anti-CD3/ CD28 stimulation (Fig. 6B) . Similarly, the ability of MDSC to inhibit T-cell function under normoxia decreased with both IL16 and CXCL12 neutralizing antibodies. The percentage of IFNg þ
CD8
þ T cells and IFNg þ CD4 þ T cells decreased with both IL16
and CXCL12 blocking antibodies when splenocytes were cocultured with B16-F10 splenic MDSCs (Fig. 6C ) and 4T1 splenic MDSCs (Fig. 6D) . Finally, neutralizing antibodies against IL16, but not CXCL12, under normoxia significantly decreased MDSCs ability to inhibit T-cell activation marker CD25. The percentage of CD25 þ CD8 þ T cells and CD25 þ CD4 þ T cells decreased with IL16, but not with CXCL12 blocking antibodies, when splenocytes were cocultured with B16-F10 splenic MDSCs (Fig. 6E ) and 4T1 splenic MDSCs (6F). Altogether, our data indicate that miR-210 modulates MDSCs function through its regulation of Arg1, Il16, and Cxcl12.
miR-210 overexpression and IL16 or CXCL12 targeting alleviates the T cell-mediated immune suppression by MDSC in 4T1 tumor-bearing mice Adoptive transfer of either splenic MDSCs from tumor-bearing mice or tumor-associated MDSCs have been reported to promote tumor growth (10) . We hypothesized that miR-210 overexpressing MDSCs with enhanced immunosuppressive activity would promote tumor growth. Conversely, miR-210 knocked down MDSCs with decreased immunosuppressive activity would result in more potent antitumor effect.
MDSCs (CD11b (Fig. 7A) . Interestingly, 4T1 tumor growth significantly increased in Balb/c mice infused with MDSCs transfected with Lenti-PremiR-210 as compared with Lenti-PremiR-CT ( Fig. 7B and D) . On the other hand, 4T1 tumor growth was found to be significantly slower in Balb/c mice infused with MDSCs transfected with anti-miR-210 as compared with anti-miR-CT ( Fig. 7C and D) . More importantly, miR-210 modulated MDSC-mediated immune suppression was totally dependent on T cells as no effect was observed on 4T1 tumor growth in nude mice. As shown in Fig. 7E and F, when MDSCs, transfected with either Lenti-PremiR-210 or anti-miR-210, were infused in nude mice, there was no difference in 4T1 tumor growth (Fig. 7G) . These data clearly indicate that miR-210 affects in vivo MDSCmediated T-cell suppression. In these in vivo experiments (Fig. 7) , controls like noninfused Balb/c mice or Balb/c mice infused with MDSCs without transfection were performed and gave similar results (4T1 tumor growth) as Balb/c mice infused with MDSCs transfected with Lenti-control (data not shown).
We next investigated whether miR-210 enhanced in vivo MDSCs function by increasing immune suppression and subsequent tumor growth through its target genes (IL16 and CXCL12). For this purpose, MDSCs (CD11b
þ cells isolated from spleens of 4T1 tumor-bearing mice) were transfected with Lenti-control (CT) and Lenti-IL16 or Lenti-CXCL12 and infused in 4T1 tumorbearing Balb/c mice or 4T1 tumor-bearing nude mice (Fig. 7A) . Interestingly, 4T1 tumor growth significantly increased in Balb/c mice infused with MDSCs transfected with either Lenti-IL16 or Lenti-CXCL12 as compared with Lenti-CT ( Fig. 7H and I ). More importantly, this IL16 and CXCL12 modulated MDSC-mediated immune suppression was totally dependent on T cells as no effect was observed on 4T1 tumor growth in nude mice (7J and K). Altogether, miR-210 via IL16 and CXCL12 affects MDSC-mediated T-cell suppression and in vivo tumor growth.
Discussion
It is widely accepted that the environment of a tumor is an integral part of its physiology, structure, and function. Its role during the initiation and progression of carcinogenesis is presently considered to be of critical importance, both for better understanding of fundamental tumor biology, and for exploiting this source of relatively new knowledge to improve molecular diagnostics and therapeutics. In this regard, hypoxia, a hallmark of most solid tumors, is a key determinant of tumor microenvironment (1) . Recently, we showed that hypoxia selectively upregulated PD-L1, via HIF1a, by binding directly to the HRE in the PD-L1 proximal promoter and blockade of PD-L1 under hypoxia abrogated MDSC function by modulating MDSCs cytokine production (17) . In addition, hypoxia, via HIFs, is capable of inducing a group of HIM, which, in turn, regulates several target genes, thereby fine tuning hypoxic response (1, 18) . In this study, we attempted to identify HIM in MDSCs under hypoxia and investigate their prospective role in the regulation of MDSC immunosuppressive function.
We first showed that tumor-infiltrating MDSCs express increased levels of miR-210 and hypoxia markers (CA-IX and GLUT-1) as compared with splenic MDSCs. We also found that among the putative HIM, miR-210 was highly and significantly induced under hypoxia via HIF1a in splenic MDSC. Hypoxia selectively induced both mmu-miR-210-3p and mmu-miR-210-5p, but mmu-miR-210-3p was the most highly induced miR-210. In a large number of cancers, several HIM are induced in response to hypoxia, including miR-67, miR-21, and the miR-Let7 family (18), we did not observe any effect on their expression under hypoxia in MDSC. It should be noted that although several miRNAs, including miR-155 (12, 16) , miR-494 (15), miR-223 
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þ populations. Statistically significant differences (indicated by asterisks) are shown ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). Two separate experiments (in triplicates) with the same results were performed. Error bars, SD. (23), miR-17-5p, and miR-20a (14) , were reported to be required for MDSC differentiation and function, hypoxia had only a slight or no effect on the expression of these miRNAs in MDSC.
miR-210, induced under hypoxia in various cell types, has been frequently reported as the master regulator of hypoxic tumor response in various cancers (18, 25) . It participates in the hypoxic response of endothelial cells (26) and fibroblasts (27) . More importantly, in human Tregs, miR-210 negatively regulated FOXP3 expression (28) . Similarly, LPS-induced miR-210 negatively regulated murine macrophage production of proinflammatory cytokines by targeting NF-kB1 (29) . Very recently, miR-210 was found to be robustly increased in activated T cells and negatively regulated Hif1a expression and TH17 differentiation (30) . Here, we provide evidence for a selective induction of miR-210 via HIF1a in splenic MDSCs from tumor-bearing mice. The cellular distribution of hypoxia-induced miR-210 in major cellular populations present in the tumor microenvironment is not yet established. Whether miR-210 plays a differential role in tumors versus MDSC or macrophages or dendritic cells or T lymphocytes remains unexplored.
We and others have previously shown that hypoxia modulates MDSCs function (8, 17) . In this study, we demonstrated that hypoxia-induced miR-210 regulated MDSC function. Our data strongly indicates that hypoxia-induced miR-210 is partly involved in mediating the suppressive MDSC activity, because we were not able to completely restore T-cell proliferation and function after miR-210 targeting on MDSCs under hypoxia. Thus, apart from hypoxia-induced HIF1a (8) It is important to note that miR-210 had no effect on IL6, IL10, and PD-L1 mRNA and protein levels. miR-210 modulated MDSCs function by regulating arginase activity and NO production but had no effect on ROS production. The role of HIFs and miR-210 in the modulation of hypoxia-induced ROS remains controversial. Conflicting studies have reported opposing effects of miR-210 on ROS generation under hypoxia (31, 32) . These differences, appearing between different studies, seem to be dependent upon specific molecular context and the different methods of ROS detection. The observed decrease in ROS production in MDSC seems to be dependent upon HIF1a rather than miR-210 under hypoxia. This can be explained by the fact that miR-210 had no effect on ROS genes (cybb1 and Ncf1) in MDSC (Supplementary Table S1 ). Whether other HIM are responsible for hypoxic decrease in ROS levels remains to be established.
We demonstrated that miR-210 modulated Arg1expression but not of Nos2. Although both HIFs and miR-210 are induced under hypoxia, their simultaneous activation but antagonistic function may be important for hypoxic Arg1, NO, and ROS homeostasis in MDSCs. This would explain why hypoxia modulates Arg1, NO, and ROS production while only Arg1, but not NO and ROS genes, are regulated by miR-210. Such an association has been previously shown between different HIFs isoforms. In macrophages, differential activation and antagonistic function of HIF1a mRNA by Th1 cytokines, and HIF2a mRNA by Th2 cytokines, in M1-and M2-polarized macrophages, respectively, are essential for NO homeostasis by differential action on their two target genes: iNOS and arginase1 (33) .
STAT1, STAT3, and STAT6 have been extensively reported to directly regulate the MDSCs immunosuppressive function (10) . Recently, in head and neck squamous cell carcinoma patients, MDSCs expressed high phosphorylated STAT3 levels that binds directly to ARG1 promoter and regulate MDSC function by modulating ARG-1 expression levels and activity (34) . Under normoxia, miR-17-5p and miR-20a have been shown to decrease MDSCs immunosuppressive potential by modulating STAT3 expression (14) . Our results show that MDSCs have constitutively activated high levels of P-STAT3 under normoxia. Hypoxia induced a slight increase in both P-STAT3 and STAT3 protein levels, while miR-210 overexpression under normoxia, or its targeting under hypoxia, did not modulate P-STAT3 or STAT3 protein levels. We have previously reported that targeting STAT3, or inhibition of P-STAT3 under hypoxia, resulted in a complete inhibition of hypoxia-induced HIF1ain lung cancer (35) . Whether HIFs, HIF1a or HIF2a, can modulate constitutively active P-STAT3 or STAT3 protein levels under hypoxia in MDSCs remains uninvestigated.
Hypoxia-induced miR-155 directly targets Hif1a in intestinal epithelial cells during prolonged hypoxia thereby completely inhibiting HIF1 transcriptional activity (36) . Similarly, miR-210 was found to be increased in activated T cells and miR-210 negatively regulated Hif1a expression andTH17 differentiation (30) . This seems to be specific for activated T cells as we did not observe any effect of miR-210 on HIF1a or HIF2a protein levels in MDSC under hypoxia or normoxia. Moreover, miR-155 was not regulated by hypoxia in splenic MDSCs.
Hypoxia-upregulated Arg-1 was found to be dependent upon HIF1a and overexpression of miR-210 under normoxia increased Arg-1 mRNA and protein levels. Targeting miR-210 under hypoxia decreased Arg-1 mRNA and protein levels in splenic MDSCs. Our results are in complete agreement with previous reports,
) cells were isolated from spleens of 4T1 tumor-bearing mice. MDSCs were transfected with Lenti-PremiR-control (CT) or Lenti-PremiR-210, and anti-miR-control (CT) or anti-miR-210, and infused in 4T1 tumor-bearing nude mice according to the protocol described in Materials and Methods. Overexpression of miR-210 (E) and knocking down miR-210 (F) had no effect on 4T1 tumor growth. 4T1 Tumors were measured with a caliper and weighed by weighing scales (G). Statistically significant differences (indicated by asterisks) are shown ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). Two separate experiments (5 mice per group) were performed. Error bars, mean SE. H and I, MDSC (CD11b þ Gr1 þ ) cells were isolated from spleens of 4T1 tumor-bearing mice. MDSCs were transfected with either Lenti-control (CT) or Lenti-IL16 or Lenti-CXCL12 and infused in 4T1 tumor-bearing Balb/c mice according to the protocol described in A. 4T1 Tumors were measured with a caliper and weighed by weighing scales (I). Statistically significant differences (indicated by asterisks) are shown ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). Two separate experiments (10 mice per group) were performed. Error bars, mean SE. J and K, MDSCs (CD11b þ Gr1 þ ) cells were isolated from spleens of 4T1 tumor-bearing mice. MDSC were transfected with either Lenti-control (CT) or Lenti-IL16 or Lenti-CXCL12 and infused in 4T1 tumor-bearing nude mice according to the protocol described in A. 4T1 Tumors were measured with a caliper and weighed by weighing scales (K). Statistically significant differences (indicated by asterisks) are shown ( Ã , P < 0.05; ÃÃ , P < 0.005; ÃÃÃ , P < 0.0005). Two separate experiments (10 mice per group) were performed. Error bars, mean SE.
indicating that HIF1a is able to mediate hypoxic regulation of Arg-1 in macrophages and MDSCs (8, 33) .
More interestingly, miR-210 binds directly to seed-specific binding sites in promoter regions of Cxcl12, Il16, Ndrg1, and especially Arg1 and modulate their expression levels. miRNA commonly negatively regulates gene expression by repressing translation or directing sequence-specific degradation of complementary mRNA. Strikingly, miRNAs can switch from repression to activation, and miR-Let7 (37), miR-10a (38) , and miR-373 (39) were reported to induce gene expression by upregulating translation. Similarly, miR-95, which is highly expressed in adult peripheral blood Tregs, was found to positively regulate FOXP3 expression via an unidentified, indirect mechanism (28). We found that miR-210 binds directly to seed-specific binding sites in promoter region and induces Arg1 gene expression (both mRNA and protein levels) under normoxia by an unknown mechanism. Future experiments will attempt to dissect whether miR-210 induces Arg1 gene expression by upregulating its translation, or by inhibiting its mRNA degradation.
We next found that miR-210 enhanced MDSC-mediated T-cell suppression through its target genes: Arg1, Il16, and Cxcl12 but not Ndrg1. Hypoxia via miR-210 decreased IL16 and CXCL12 secretion from MDSC, thereby inhibiting T-cell function. Our results are consistent with previous findings as CXCL12 was shown to be a costimulator for CD4 þ T-cell activation (40) .
Similarly, IL16 also regulates T-cell activation, IL2 production, antigen-induced upregulation of CD95 expression, and most importantly their CD25 expression (41) . A similar role for IL16 was observed as neutralizing antibodies against IL16 under normoxia decreased MDSC's ability to inhibit T-cell activation marker CD25. The promise of targeting miRNAs in cancer has now become a reality and therapeutic benefit of miRNA targeting are now achieved by either antagonizing or restoring miRNA function (42) . Very interestingly, miR-210 overexpressing MDSCs and IL16-or CXCL12-silenced MDSCs enhanced immunosuppressive activity and promoted 4T1 tumor growth. Conversely, miR-210 knocked down MDSCs decreased immunosuppressive activity and resulted in a more potent antitumor effect. More importantly, this miR-210 modified MDSC-mediated immune suppression was totally dependent on T cells as no effect was observed on 4T1 tumor growth in nude mice. Similarly, miR-17-5p and miR-20a based miRNA targeting was found to decrease MDSC function through in vivo modulation of STAT3 expression (14) .
Taken together, hypoxia selectively upregulated miR-210, via HIF1a in splenic MDSC, which modulated MDSCs function by increasing arginase activity and NO production. miR-210 regulated Arg1, Il16, and Cxcl12 at both mRNA and protein levels in splenic MDSCs. Overexpression or targeting of miR-210 affected MDSC-mediated T-cell suppression in vivo. These results establish a new link between miR-210 and MDSC-mediated immune suppression under hypoxia in the tumor microenvironment.
Hypoxia and HIF targeting has been suggested as a potential therapeutic target in cancer (1, 17) . Therefore, the use of miR-210 inhibitor oligonucleotide as adjuvant tool with new emerging immunotherapeutic strategies may be beneficial for boosting the immune system in cancer patients.
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